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Abstract 

Background: Biofilm accumulates within the endotracheal tube (ETT) early after intubation. Contaminated secretions 
in the ETT are associated with increased risk for microbial dissemination in the distal airways and increased resistance 
to airflow. We evaluated the effectiveness of micro computed tomography (MicroCT) for the quantification of ETT inner 
volume reduction in critically ill patients. 

Methods: We injected a known amount of gel into unused ETT to simulate secretions. We calculated the volume 
of gel analyzing MicroCT scans for a length of 20 cm. We then collected eleven ETTs after extubation of critically 
ill patients, recording clinical and demographical data. We assessed the amount of secretions by MicroCT and 
obtained ETT microbiological cultures. 

Results: Gel volumes assessed by MicroCT strongly correlated with injected gel volumes (p < 0.001, r 2 = 0.999). 
MicroCT revealed the accumulation of secretions on all the ETTs (median 0.154, IQR:0.02-0.837 mL), corresponding 
to an average cross-sectional area reduction of 1.7%. The amount of secretions inversely correlated with patients' 
age (p = 0.01 1 , rho = -0.727) but not with days of intubation, SAPS2, Pa0 2 /Fi0 2 assessed on admission. Accumulation 
of secretions was higher in the cuff region (p = 0.003). Microbial growth occurred in cultures from 9/1 1 ETTs, and did 
not correlate with secretions amount. In 7/1 1 cases the same microbes were identified also in tracheal aspirates. 

Conclusions: MicroCT appears as a feasible and precise technique to measure volume of secretions within ETTs after 
extubation. In patients, secretions tend to accumulate in the cuff region, with high variability among patients. 
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Background 

The endotracheal tube (ETT) allows physicians to main- 
tain adequate alveolar ventilation despite patients respira- 
tory muscles failure and loss of airway defense. However, 
the presence of an ETT is associated with infectious and 
non-infectious complications [1,2]. The ETT involvement 
in the development of airway bacterial colonization has 
been extensively described, to the extent that some au- 
thors proposed to change the term ventilator-associated 
pneumonia in ETT- associated pneumonia [3]. Secretions 
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cannot be spontaneously removed from the airways as 
happens in healthy subjects, and soon after intubation the 
ETT is colonized by a biofilm of extracellular polymeric 
substances where microbial aggregates proliferate [4,5]. 
Bacterial aggregates may detach from the biofilm, particu- 
larly in the advanced stage, and may be projected by the 
airflow into the distal airways leading to pneumonia [6,7]. 
With time, secretions accumulate and the inner lumen of 
the ETT tends to reduce its diameter, resulting in patients 
increased work of breathing [8]. Frequent ETT suctioning 
is part of the current clinical practice to maintain lumen 
patency and avoid occlusion due to mucus plugs, together 
with heating and humidification of inspired gases and 
other measures aimed at preventing the formation of 
biofilm [9]. However, standard care is not effective to 
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preserve the inner lumen patency, and specific devices 
has been designed with the purpose of removing se- 
cretions from the ETT lumen, resolving sudden ETT 
occlusions and possibly reducing the risk of airways 
colonization and work of breathing due to increased 
ETT airflow resistance [10,11]. 

Although the relationship between biofilm and risk of 
pneumonia is largely described in the literature, no gold 
standard technique is currently available to measure bio- 
film amount on the ETT inner surface. Scanning elec- 
tron microscopy (SEM) has been used to demonstrate 
the presence of a biofilm layer, substantially reduced by 
the use of an ETT cleaning device [12]. SEM is very sen- 
sitive, but requires a complex sample preparation and 
provides data on a small part of the ETT, while the total 
amount of biofilm within the ETT remains unknown. 
Acoustic reflectometry, an indirect technique based on 
reflections of acoustic waveforms by the ETT surface, 
has also been employed to demonstrate the narrower size 
of ETT used in patients as compared to unused ones [13]. 

We hypothesized that the amount of secretions present 
on the inner lumen of ETTs from critically ill patients 
could be assessed by micro computerized tomography 
(MicroCT) scan after extubation [14]. MicroCT scanners 
are designed to reach image definitions up to the micro- 
metric scale, on much smaller fields of view than those 
used in the clinical practice. We report the efficacy of 
MicroCT in quantifying the volume of a model of secre- 
tions in a bench study. Then, we measured the volume of 
secretions in a set of ETT used in critically ill patients 
(ex-vivo), investigating possible associations between 
the reduction of internal ETT diameters and patients 
related factors or ETT microbial colonization. 

Methods 

The local institutional review board (San Gerardo Hospital 
Ethical Committee) was notified in regard of the study 
and waived the acquisition of written informed consent, 
as per local regulation. 

Bench study 

We injected five different aliquots (0.25 to 1.250 mL) of 
an ultrasound water-based polymeric gel (density 1.03 g/ 
mL, Gima S.P.A., Gessate, Italy) by a syringe into ETTs 
(Kendall Curity, Covidien, Mansfield, MA) of three sizes 
(6.5, 7.5 and 8.0 mm of internal diameter) at 2 cm above 
the tip side, to simulate the presence of secretions. The 
gel was then distributed for 7 cm towards the vent side 
by compressed air; ETTs were kept horizontal during all 
the procedure and were then sealed to minimize gel 
modifications during MicroCT scan. The exact amount 
of injected gel was verified by pre- and post-injection 
ETT weighing with a high precision scale (Precisa 
XB220A, Precisa Gravimetrics AG, Dietikon, Switzerland). 



The resulting increase of ETT resistance to airflow is 
described in the Additional file 1. 

ETT image acquisitions were performed using a 
MicroCT scanner (SkyScan 1176, Bruker, Belgium) at 
a resolution of 35 uM. The ETTs were scanned for a 
length of 20 cm (from approximately 1 cm above the 
rib-eye up to 21 cm from the tip). We analyzed CT- 
reconstructed images to measure the volume of injected 
gel, using densitometric criteria, distinguishing three main 
entities of increasing density: air, gel and ETT wall. 
The MicroCT-embedded software (CT Analyzer, Bruker, 
Belgium) was used for imaging-analysis. First, we selected 
voxels representing the water-based polymeric gel with 
a density close to 0 Hounsfield Units (HU). Then, we 
applied a filtering algorithm to remove image noise, 
calculating the total gel volume by 3d-analysis of the 
selected ETT portion. 

Observational ex-vivo study 

Eleven ETTs were collected after extubation of patients 
admitted to an intensive care unit (ICU) at the San 
Gerardo Hospital, Monza, Italy. Inclusion criteria for 
ETT collection were: patients age >18 years old; intub- 
ation for more than 72 hours; use of a closed airway suc- 
tion system. Nurse staff performed ETT suctioning only 
when considered necessary; heated humidifiers were used 
in all patients. At extubation, we collected the ETTs and 
sealed at the extremities to prevent drying of secretions. 
Within 24 hours we performed MicroCT scan of the 
ETTs, and measured secretions volumes as described 
above, dividing the ETTs in three parts: proximal, or 
ventilator side; central; and distal, or tip side. After CT 
scan, we performed lavages of the ETT inner surface 
injecting 5 ml of sterile saline solution, and the col- 
lected fluids were cultured by standard microbiological 
tests. Swabs of the internal ETT surface were also col- 
lected. We conducted all the procedures relative to 
microbiological examinations in a sterile environment 
to avoid external microbial contamination. 

We recorded patients' clinical (admission Pa0 2 /Fi0 2 
ratio, days of ICU stay, ventilator free days in the first 
28 days, data for calculation of Simplified Acute Physiology 
Score II [SAPS2] [15]) and demographical data (sex, age). 
The results of the tracheal aspirate cultures closest to 
extubation were also recorded, if present. To assess 
concordance between lavages, swabs and aspirates the 
most relevant isolated microbe was considered, defined as 
the single microbe isolated with the highest growth index. 

Statistical methods 

Continuous variables are reported as mean ± standard 
deviation unless otherwise indicated. Normality of vari- 
ables' distribution was evaluated by the Shapiro- Wilk test. 
The correlation coefficient between normally distributed 
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or non-normally distributed variables was calculated using 
Pearsons and Spearman's correlation coefficients, respect- 
ively. The evaluation of resistance to airflow was per- 
formed by a two-way ANOVA for repeated measures, 
considering gel amount and airflow as within-subjects fac- 
tors. Secretions distribution in the three ETT portions 
(ventilator side, central and tip side) was evaluated by 
one-way ANOVA, using Tukey s post-hoc tests. Statistical 
analyses were performed using SPSS software version 
18.0 (SPSS Inc., Chicago, IL). Statistical significance 
was reached when p < 0.05. 

Results 

Bench results 

MicroCT scans showed good reliability in the assessment 
of the volume of our model of secretions. The amount of 
gel injected into unused ETTs strongly correlated with the 
volume assessed by MicroCT scan (p< 0.001, r 2 = 0.999, 
Figure 1 panel A). The Bland- Altman plot [16] depicts the 
small difference between the volumes measured by two 
techniques (corresponding to an average difference of 
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Figure 1 MicroCT scan precision and accuracy in bench tests 

simulating the presence of secretions within ETTs. Correlation 

between the amount of injected gel, simulating the secretions present 

at extubation, and the volume of gel measured by MicroCT scan 

(panel A). The Bland-Altman plot shows good precision in MicroCT 

scan assessment of volume of injected gel (average difference 0.006, 

95%CI -0.036 to 0.049 mL, panel B). Symbols represent different 

sizes (mm of internal diameter). 
\ J 



0.2 ± 3.2%) and the narrow 95% confidence intervals of 
the differences (-0.036 to 0.049 mL, Figure 1 panel B, 
corresponding to a 95%CI of -6.1 to 6.5%). The effects 
of gel injection on resistance to airflow are reported in 
the Additional file 2: Figure El. 

Ex vivo microCT 

Eleven ETTs collected after patients' extubation were 
analyzed; 9 patients were successfully weaned, 2 were 
extubated post mortem. Patients' demographic and 
clinical characteristics are reported in the Additional 
file 3: Table El. MicroCT scan (Figure 2 and Figure E2, 
Additional file 4) revealed the presence of secretions in 
all the 11 studied ETTs, ranging from 0.007 to 1.103 mL 
(median 0.154, IQR: 0.02 to 0.837 mL) and corresponding 
to a median cross-sectional area reduction of 1.7% (IQR: 
0.2 to 8.3%). 

The volume of secretions was inversely related to pa- 
tients' age (Spearman's rho = -0.727, p = 0.011, Additional 
file 5: Figure E3), while it was not associated with ICU 
stay, 28-day-ventilator free days, SAPS2, Pa0 2 /Fi0 2 ratio 
at ICU admission (all p > 0.05). Secretions distribution 
was not homogeneous along the ETT, with higher 
amounts in the distal as compared to the central and 
the proximal regions (p = 0.003 by ANOVA, 0.037 and 
0.003 respectively, Figure 3 panel A). The average ETT 
cross-sectional area reduction in the distal portion 
was nearly 6% as compared to nominal (Figure 3, 
panel B). The average density of secretions was 108 ± 67 
HU. Average density was associated with secretions 




Figure 2 Exemplary ETT section obtained by MicroCT scan. 

Representative image obtained by MicroCT scan of an collected 
after 10 days of intubation. The abundant secretions layer (dark grey,) is 
adherent to the plastic material of the (light grey) in the area 
below the cuff. 
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Figure 3 Distribution of secretions within the ETT. Secretions 
volume distribution within the 1 1 studied E^s is not homogeneous 
(panel A), resulting higher in the distal portion (tip side). 
Correspondingly, the average cross-sectional area reduction tends to 
increase close to the tip (panel B). 



volumes (Spearman's rho = 0.709, p = 0.015) in the 
eleven studied ETTs. 

Microbiological tests 

Microbiological main results are reported in Table 1. 
Among the 11 lavage fluids, microbial growth occurred 
in 9 (82%) with a median viable count of 10 3 colony 
forming units (IQR: 10 2 -10 6 ). ETT lavage fluid viable 
counts and secretions amount or density were not asso- 
ciated in the studied samples. Candida spp. (mainly C. 
Albicans) were the most common isolated microbes 
(6/11, 55%). ETTs colonized by Candida spp. showed 
a more homogeneous distribution of secretions, while 
the ones where Candida spp. were not isolated showed 
a higher accumulation of secretions in the distal third 
(35 ± 21 vs. 69 ± 16% of secretions in the distal third, 
respectively, p = 0.016). 

The most relevant isolated microbes in the ETT lavage 
fluids were also isolated by inner lumen swabs in 8/11 
cases (72%), showing a good concordance between the 
two specimen collecting methods. Tracheal aspirates were 
available for nine patients and were collected for clinical 



reasons at a median of 2 days (IQR: 1 to 2 days) before 
extubation. Again, ETT lavage fluids and tracheal aspirates 
showed similar results: in 7 cases (78%) the most relevant 
pathogen grew in both samples. Bacterial growth in tra- 
cheal aspirates was not associated with increased volume 
of secretions within the ETT. 

Discussion 

In this study, we investigated the possibility of using 
MicroCT to quantify the amount of secretions present 
on the inner lumen of ETTs. In bench tests, we mea- 
sured the volume of a model of secretions with good 
precision. The volume of secretions in ETTs collected 
after patients' extubation showed a high variability among 
samples. Secretions volume was associated with its density 
and with patient s age. 

The presence of biofilm within the ETT is a relevant 
issue. Sudden obstruction may occur, and the reduction 
of the internal ETT diameter results in increased resist- 
ance to airflow leading to increased patients inspiratory 
effort and possibly delayed extubation [17,18]. Acoustic 
reflectometry, a technique based on sound emission and 
reflected waves analysis, has been used since several 
years for the measurement of the volume of secretions 
covering the inner ETT surface [8,13,17]. Reflectometry 
is a technique developed to assess the diameter of cylin- 
drical structures which can be performed non-invasively 
in spontaneous breathing patients. However, data result- 
ing from this technique are based on an indirect estima- 
tion of the area available to airflow, and do not provide 
the spatial distribution and actual amount of the secre- 
tions within the ETT. In this study, we used a MicroCT 
scanner to perform a direct measurement of secretions 
volume. Data obtained in the bench evaluation were re- 
assuring regarding the precision of the measurements, 
as shown by the narrow 95% confidence intervals depicted 
in the Bland- Altman plot [16]. 

Some limitations apply also to MicroCT scan. As hap- 
pens in the images obtained in the clinical setting, some 
artifacts can appear after reconstruction. However, the 
analysis software allowed us to effectively remove such 
artifacts and obtain good-quality images. Another limita- 
tion of the technique is that it cannot be applied in vivo. 
Although we did not test it, in-vivo images obtained 
with a standard CT scanner are not definite enough to 
provide a reliable assessment of the ETT secretions vol- 
umes, and a dedicated instrument where only the ETT 
fits is required. Therefore, is not currently possible to 
follow the evolution of the biofilm during ICU stay by 
CT scan. Another limitation is that the resolution is not 
high enough to obtain images where the different cellu- 
lar types can be distinguished (as it is instead the case 
with SEM); thus, the different stages of biofilm cannot 
be studied by MicroCT. Although the scanner we used 
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Table 1 Microbiological testing - main results 


Length of intubation (Days) 


ETT lavage fluid cultures 


Viable cell count (Log CFU) 


ETT swab cultures 


Tracheal aspirate cultures 


2 


No growth 


0 


S. Aureus MS 


_ 


22 


Aspergillus spp. 


3 


Aspergillus spp. 


Aspergillus spp. 










E. Faecium 


21 


C Albicans 


3 


C. Albicans 


C Albicans 


3 


C. Albicans 


4 


C. Albicans 


C. Albicans 


7 


E. Coli ESBL 


7 


E. Coli ESBL 


- 




C. Albicans 


2 


C. Albicans 










S. Aureus MS 




4 


C. Albicans 


1 


C. Albicans 


No growth 


15 


C. Tropicalis 


3 


C Tropicalis 


C. Tropicalis 




Oral mixed flora 


>7 




Oral mixed flora 


14 


No growth 


0 


No growth 


No growth 


10 


Oral mixed flora 


6 


Oral mixed flora 


Oral mixed flora 


6 


B. Catharralis BL+ 


6 


Oral mixed flora 


Oral mixed flora 




Oral mixed flora 


>7 






7 


S. Aureus MR 


2 


S. Aureus MR 


S. Aureus MR 




C. Albicans 


2 


K. Pneumoniae 


C. Albicans 




K. Pneumoniae 


2 







ETT: endotracheal tube; CFU: Colony-forming units; MS: methicillin sensitive; ESBL: extended-spectrum beta-lactamases producer; BL+: beta-lactamases producer; 
MR: methicillin resistant. 



can reach higher resolutions (up to 9 uM pixel-sixe), we 
decided to use the 35 uM pixel-size resolution as a bal- 
ance between image quality and need of resources (time, 
digital storage space, computation power). 

By the analyses of ETT collected from critically ill pa- 
tients, we obtained a precise description of the amount, 
distribution and density of the secretions present along a 
wide portion of the ETT. The amount of secretions at 
extubation showed a high variability among ICU pa- 
tients: 3 of the analyzed ETTs showed a secretions vol- 
ume higher than 0.75 mL, while in other ETTs the 
secretions detected by MicroCT scan were nearly absent. 
The average cross-sectional area reduction (1.7%) was 
relatively smaller than what has been described by other 
authors using acoustic reflectometry (about 10% cross- 
sectional area reduction). Indeed, the three patients with 
a significant amount of secretions showed an average 
10% cross-sectional area reduction, reaching levels up to 
30% for several centimeters in the distal region. Changes 
in standard airways care over the years might help to 
explain differences with literature data published in the 
past. Moreover, we could not demonstrate any correl- 
ation between secretions amount and length of intub- 
ation or markers of patients severity. It is well known 
that biofilm amount increases with time, since current 
airways management practice is not effective in com- 
pletely removing secretions from the ETT inner surface 



[19]. However, length of intubation per se is not associated 
to secretions amount, as shown in the present study 
and by others [8]. 

Taken together, all these findings suggest that some 
ETTs are burdened by a high amount of secretions and 
some other are not. Patient s related factors, such as pre- 
vious or present diseases, ability to move lung secretion 
towards the glottis, use of muscle relaxants may be rele- 
vant factors that influence ETT secretions accumulation, 
and larger studies are needed to investigate possible risk 
factors. In the studied population, the volume of secre- 
tions inversely correlated with patient s age. This finding 
need to be confirmed in a larger cohort of patients, and 
might be explained by the higher capacity of younger 
patients to move secretions towards the ETT resulting 
from their preserved muscular activity, or by a possible 
reduced mucus production of elderly patients. 

The average secretions density resulted similar to soft 
tissues (about 100HU). Such a density is in line with air- 
way biofilm composition, where mucosal secretions, leu- 
kocytes and red blood cells are often present [5,20]. In 
the studied population, secretions volume and density 
were also associated, possibly because dense secretions 
tend to accumulate and form a biofilm which is not 
easily removed by standard ETT suctioning, while labile 
secretions might be easily removed. However, increase of 
biofilm density might also occur after its deposition, due 
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to microbial activity which excrete a complex extracellu- 
lar matrix [21]. Further studies are needed to confirm this 
finding and investigate possible underlying mechanisms. 

Regarding secretions spatial distribution, we showed 
that the ETT subglottic area is the most affected by se- 
cretions accumulation. In a small percentage of patients, 
such a phenomenon is clinically relevant, with degrees 
of obstruction above 30%. ETT intrinsic resistance to 
airflow and the influence of gravity, resulting in collec- 
tion of secretions in the ETT most dependent part, 
might be factors related to this finding [22]. If con- 
firmed, this finding demonstrates that an ETT that ap- 
pears clean in its visible part (proximal) might be 
extensively covered by secretions in the distal one. Inter- 
estingly, in our small cohort of patients the phenomenon 
was less evident in the ETTs where Candida spp. could 
be isolated. Future studies might investigate if the pres- 
ence of Candida favors the adhesion of secretions on 
the ETT inner surface counteracting the effects of grav- 
ity, as suggested by the complex interactions between 
fungi and biofilm described in the literature [23,24]. 
Data from our population is limited and this preliminary 
observation needs to be confirmed in other studies with 
larger sample sizes. 

Considering microbiological examinations, the major- 
ity of the collected specimens showed some form of 
growth; however, we could not demonstrate any associ- 
ation between microbial growth and secretions amount 
or density. Our data suggest that microbial colonization 
can be present irrespective of the amount of secretions, 
as detected by MicroCT, and pathogens might dwell 
even in a small layer of biofilm. This finding suggests 
that the resolution of MicroCT is not adequate to detect 
such small structures and to identify the presence of a 
biofilm, while other techniques (such a as SEM) are more 
effective to detect the presence of microbes and the com- 
plex interactions occurring within the ETT lumen biofilm. 

We detected similar ETT colonizing microbes in 
ETT lavage fluids and tracheal aspirates requested for 
clinical reasons a few days before extubation, as dem- 
onstrated by others [7,25]. In our unit, tracheal aspi- 
rates are collected in a sterile manner, but without the 
use of protected tip catheters. Therefore, our data 
do not allow us to understand if a continuum of 
colonization is present from the ETT to the trachea, 
or if contamination with ETT biofilm bacteria occurs 
at the moment of tracheal aspirate collection. The 
same microbes were also collected by ETT surface 
swabs except in two cases, when MSSA strains were 
present in swab cultures but not in lavage fluids. Our 
data is not large enough to elucidate if a different 
population of microbes is present in the lower biofilm 
layers, collected by swabs but not by saline lavages. 
Whether the presence of these microbes might 



represent a clinically relevant factor or not, remains 
to be demonstrated. 

Conclusions 

MicroCT scan seems to be a feasible and accurate tech- 
nique to assess the amount and the distribution of secre- 
tions present within the ETT after extubation. MicroCT 
might be useful to understand the factors related to bio- 
film accumulation within the ETT of critically ill patients, 
and to analyze the effectiveness of measures or devices 
specifically employed to reduce biofilm formation. Only 
few ETTs from a cohort of 11 patients were burdened by 
a relevant amount of secretions, which tended to gather in 
the most dependent (subglottic) area, most likely due to 
the effect of gravity in a semi-recumbent patient. The 
volume of secretions present within the ETTs was not 
associated with ETT microbial colonization. 

Additional files 



Additional file 1: Is an Acrobat file containing the electronic 
supplementary materials for the Methods and Results sections of 
present study. 

Additional file 2: Is an Acrobat file containing Figure El (Increase 
in resistance to airflow in a 7.5 mm ETT by increase of injected 
gel amount). 

Additional file 3: Is an Acrobat file containing Table E1 (Patient's 
demographics and clinical characteristics). 

Additional file 4: Is an Acrobat file containing Figure E2 (Exemplary 
3d-reconstruction of MicroCT scan of an ETT portion). 

Additional file 5: Is an Acrobat file containing Figure E3 (Association 
between patient's age and secretion amount present within the ETT). 



Abbreviations 

E^: Endotracheal tube; HU: Hounsfield units; ICU: Intensive care unit; 
IQR: Inter-quartile range; MicroCT: Micro computed tomography; 
SAPS2: Simplified acute physiology score II; SEM: Scanning electron 
microscopy. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

Conception and design: AC, GB, AP; data acquisition: AC, AB, RB, AL, SB, LA, 
RM; analysis and interpretation of data: AC, GB, SB, AP; manuscript drafting: 
AC, GB; article critical revision for important intellectual content: AC, GB, AB, 
RB, AL, SB, LA, RM, AP. All authors read and approved the final version of the 
manuscript. The presented research was funded by institutional funds from 
the Department of Health Sciences, University of Milan-Bicocca, Monza, Italy. 

Authors' information 

The present work has been performed in the General and Cardiac Intensive 
Care Units of the university-affiliated San Gerardo Hospital, University of 
Milan-Bicocca, Monza, Italy. 

Acknowledgements 

We are indebted with Lorenzo Berra, MD, for his fundamental role in study 
conception. The authors who personally know him are particularly grateful 
for his precious support and his resolution to point out what really matters. 

Author details 

department of Health Sciences, University of Milan-Bicocca, Monza, Italy, 
department of Anesthesia and Intensive Care, San Gerardo Hospital, 



Coppadoro et al. BMC Anesthesiology 2014, 14:22 Page 7 of 7 

http://www.biomedcentral.com/1471-2253/14/22 



Monza, Italy, department of Clinical Pathology, Unit of Microbiology, San 
Gerardo Hospital, Monza, Italy. 

Received: 8 December 2013 Accepted: 20 March 2014 
Published: 28 March 2014 



References 

1. Blanc VF, Tremblay NA: The complications of tracheal intubation: a 
new classification with a review of the literature. Anesth Analg 1974, 
53(2):202-213. 

2. Cohen IL, Weinberg PF, Fein IA, Rowinski GS: Endotracheal tube occlusion 
associated with the use of heat and moisture exchangers in the 
intensive care unit. Crit Care Med 1988, 16(3):277-279. 

3. Pneumatikos IA, Dragoumanis CK, Bouros DE: Ventilator-associated 
pneumonia or endotracheal tube-associated pneumonia? an approach 
to the pathogenesis and preventive strategies emphasizing the importance 
of endotracheal tube. Anesthesiology 2009, 1 1 0(3):673-680. 

4. Sottile FD, Marrie TJ, Prough DS, Hobgood CD, Gower DJ, Webb LX, 
Costerton JW, Gristina AG: Nosocomial pulmonary infection: possible 
etiologic significance of bacterial adhesion to endotracheal tubes. 
Crit Care Med 1986, 14(4):265-270. 

5. Inglis TJ, Lim TM, Ng ML, Tang EK, Hui KP: Structural features of tracheal 
tube biofilm formed during prolonged mechanical ventilation. 

Chest 1995, 108(4):1 049-1 052. 

6. Wilson A, Gray D, Karakiozis J, Thomas J: Advanced endotracheal tube 
biofilm stage, not duration of intubation, is related to pneumonia. 

J Trauma Acute Care Surg 2012, 72(4):91 6-923. 

7. Inglis TJ, Millar MR, Jones JG, Robinson DA: Tracheal tube biofilm as a 
source of bacterial colonization of the lung. J Clin Microbiol 1989, 
27(9):2014-2018. 

8. Boque MC, Gualis B, Sandiumenge A, Rello J: Endotracheal tube 
intraluminal diameter narrowing after mechanical ventilation: use of 
acoustic reflectometry. Intensive Care Med 2004, 30(12):2204-2209. 

9. Coppadoro A, Bittner E, Berra L: Novel preventive strategies for 
ventilator-associated pneumonia. Crit Care 2012, 16(2):210. 

10. Conti G, Rocco M, De Blasi RA, Lappa A, Antonelli M, Bufi M, Gasparetto A: 
A new device to remove obstruction from endotracheal tubes during 
mechanical ventilation in critically ill patients. Intensive Care Med 1994, 
20(8):573-576. 

11. Kolobow T, Berra L, Li Bassi G, Curto F: Novel system for complete removal 
of secretions within the endotracheal tube: the Mucus Shaver. 
Anesthesiology 2005, 102(5):1 063-1 065. 

12. Berra L, Coppadoro A, Bittner EA, Kolobow T, Laquerriere P, Pohlmann JR, 
Bramati S, Moss J, Pesenti A: A clinical assessment of the mucus shaver: a 
device to keep the endotracheal tube free from secretions. Crit Care Med 
2012, 40(1 ):1 19-1 24. 

13. Van Surell C, Louis B, Lofaso F, Beydon L, Brochard L, Harf A, Fredberg J, 
Isabey D: Acoustic method to estimate the longitudinal area profile of 
endotracheal tubes. Am J Respir Crit Care Med 1994, 1 49(1 ):28-33. 

14. Pinciroli R, Mietto C, Berra L: Use of high-definition computed tomography 
to assess endotracheal tube luminal narrowing after mechanical ventilation. 
Anesthesiology 2013, 119(1):202. 

15. Le Gall JR, Lemeshow S, Saulnier F: A new simplified acute physiology 
score (SAPS II) based on a European/North American multicenter study. 
JAMA 1993, 270(24):2957-2963. 

16. Bland JM, Altman DG: Statistical methods for assessing agreement between 
two methods of clinical measurement. Lancet 1986, 1(8476)307-310. 

17. Shah C, Kollef MH: Endotracheal tube intraluminal volume loss among 
mechanically ventilated patients. Crit Care Med 2004, 32(1 ):1 20-1 25. 

18. Rumbak MJ, Walsh FW, Anderson WM, Rolfe MW, Solomon DA: Significant 
tracheal obstruction causing failure to wean in patients requiring 
prolonged mechanical ventilation: a forgotten complication of long-term 
mechanical ventilation. Chest 1999, 1 15(4):1 092-1 095. 

19. Villafane MC, Cinnella G, Lofaso F, Isabey D, Harf A, Lemaire F, Brochard L: 
Gradual reduction of endotracheal tube diameter during mechanical 
ventilation via different humidification devices. Anesthesiology 1996, 
85(6):1 341 -1349. 

20. Berra L, Kolobow T, Laquerriere P, Pitts B, Bramati S, Pohlmann J, Marelli C, 
Panzeri M, Brambillasca P, Villa F, Baccarelli A, Bouthors S, Stelfox HT, 
Bigatello LM, Moss J, Pesenti A: Internally coated endotracheal tubes with 



silver sulfadiazine in polyurethane to prevent bacterial colonization: 
a clinical trial. Intensive Care Med 2008, 34(6):1 030-1 037. 

21. Costerton JW, Stewart PS, Greenberg EP: Bacterial biofilms: a common 
cause of persistent infections. Science 1999, 284(541 8):1 31 8-1 322. 

22. Panigada M, Berra L, Greco G, Stylianou M, Kolobow T: Bacterial 
colonization of the respiratory tract following tracheal intubation-effect 
of gravity: an experimental study. Crit Care Med 2003, 31 (3):729-737. 

23. Kojic EM, Darouiche RO: Candida infections of medical devices. Clin 
Microbiol Rev 2004, 17(2):255-267. 

24. Tumbarello M, Fiori B, Trecarichi E, Posteraro P, Losito A, De Luca A, 
Sanguinetti M, Fadda G, Cauda R, Posteraro B: Risk factors and outcomes 
of candidemia caused by biofilm-forming isolates in a tertiary care 
hospital. PLoS One 2012, 7(3):e33705. 

25. Gil-Perotin S, Ramirez P, Marti V, Sahuquillo JM, Gonzalez E, Calleja I, 
Menendez R, Bonastre J: Implications of endotracheal tube biofilm in 
ventilator-associated pneumonia response: a state of concept. Crit Care 
2012, 16(3):R93. 



doi:1 0.1 186/1471-2253-14-22 

Cite this article as: Coppadoro et al.: Measurement of endotracheal tube 
secretions volume by micro computed tomography (MicroCT) scan: an 
experimental and clinical study. BMC Anesthesiology 2014 14:22. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



